Circadian transcriptional rhythms in confluent NIH 3T3 and PER2::LUCIFERASE fibroblast cultures become more coherent as they mature. This enhanced coherence correlated with increased culture density, while inhibition of the cell cycle increased coherence in immature cultures. Mature cultures may therefore express more coherent rhythms for longer because of their reduced rate of cell division. The authors conclude that mature fibroblast cultures will be of great utility for high-throughput pharmacological and mutational circadian screening.
Immortalized cell lines, in particular Rat 1 and NIH 3T3 fibroblasts, are a valuable platform for studying mammalian circadian pacemaking in vitro due to their self-sustained circadian rhythms in gene expression (Akashi and Nishida, 2000; Balsalobre et al., 1998) and because they are readily cultured and manipulated. Although circadian cycles of gene expression have been observed using techniques such as northern blotting (Balsalobre et al., 1998) , protein activity assays (Iitaka et al., 2005) , and transcriptomic microarrays (Duffield et al., 2002) , more recently real-time bioluminescence recordings using both primary and immortalized cell lines expressing luciferase-based reporters have become the method of choice. Such studies routinely employ apparatus based around photomultiplier tubes (PMTs) to monitor light emission (Izumo et al., 2003) , in some cases to undertake large-scale, high-throughput chemical genetics or RNAi-mediated screening to further characterize known, or identify novel, components of the cellular oscillator, acting as a proxy for the SCN (Sato et al., 2006) . A limitation of this approach has been the tendency for bioluminescence rhythms to damp after a few days in culture, which stands in marked contrast to the ability of SCN explants to sustain bioluminescence rhythms almost indefinitely. Damping of whole culture bioluminescence rhythms arises from progressive phase desynchronization between cells (Nagoshi et al., 2004; Welsh et al., 2004) . Singlecell luciferase emission has confirmed that whereas the transcriptional amplitude of individual fibroblasts remains high throughout, relative cellular phases across the culture drift due to stochastic effects intrinsic to uncoupled cells (Welsh et al., 2004) . This desynchronization has been attributed to the absence of intercellular signaling coupled with phase perturbation arising from cell division (Nagoshi et al., 2004) . In contrast, damping is not evident in the postmitotic SCN, where interneuronal synchrony is maintained by gap junctions and chemical synapses (Colwell, 2000; Maywood et al., 2006; Yamaguchi et al., 2003) .
The damping of circadian pacemaking introduces significant problems when interpreting experimental fibroblast data. To collect useful information on oscillator properties, for example, period, phase, and so forth, it is often necessary to compensate for the observed reduction in amplitude by employing baseline subtraction to reveal underlying rhythmic trends or through single-cell imaging. While the latter approach is extremely powerful, it is highly timeconsuming and with limited experimental capacity, while 24-h moving average baseline subtraction can be problematic because the period of plated fibroblasts has been shown to vary away from 24 h with serum concentration (Nagoshi et al., 2004) , and the age of the culture (vide infra), as well as obscuring more subtle effects such as differences between cultures in magnitude or acute changes in phase. We observed that under long-term confluent culture conditions (>3 to 4 weeks), fibroblast (3T3 and PER2::LUCIFERASE primary cells) transcriptional rhythms continue to increase in coherence to the point where they approach SCN-like precision; that is, the waveform becomes more consistent from cycle to cycle. The quality of rhythms from mature cultures is sufficient that raw data can be used for analysis and publication, obviating the need for any background subtraction or similar post hoc data processing. The aim of this study was to highlight the potential advantages of working with such mature cultures.
MATERIALS AND METHODS
Cells were cultured as described by Kume et al. (1999) . NIH 3T3 fibroblasts (passage no. < 40) were plated in 35-mm dishes at 2 to 3 × 10 5 cells per dish and grown overnight to 70% to 80% confluence (sets of 5 replicate dishes) before being transfected, overnight, with 1 μg/dish bmal1::luc reporter (Sato et al., 2006) using Gene Juice (Novagen), according to the manufacturer's protocol. The following day, cultures were 100% confluent and refreshed with new media (DMEM [GIBCO], supplemented with 10% bovine fetal serum) for 4 to 5 h, and then used for immediate recording or else refreshed twice weekly, for up to several weeks, prior to recording. PER2::LUCIFERASE primary fibroblasts (passage no. < 3; Yoo et al., 2004) were plated in 35-mm dishes at 1 × 10 5 cells per dish with media refreshed twice weekly. Immediately prior to recording, media were changed to HEPES-buffered "Air Medium" (Hastings et al., 2005) . No cultures were reused in separate experiments or at different time points, and all cultures were visually confirmed to be confluent prior to recording. All media changes occurred at approximately the same time of day, for up to 6 weeks, before luciferase activity was recorded by static photomultiplier assemblies as described (Maywood et al., 2006) . Luciferase activity was recorded continuously in 6-min-averaged bins at 37 °C. Phase images were taken on a Leica inverted microscope using a Hamamatsu Orca II CCD camera running "Wasabi" software (Hamamatsu UK). Aphidicolin was purchased from Sigma-Aldrich (UK), was made up as 1000× stock in DMSO, and applied at the beginning of, and throughout, the time bioluminescence was monitored. Per1::luc SCN organotypic slices and media were prepared as described (Hastings et al., 2005) . SCN slices were cultured for 1 week prior to recording.
Period and relative amplitude error (RAE, a measure of goodness-of-fit to a theoretical sine wave) of bioluminescence rhythms were determined with BRASS 3 software (www.amillar.org) using fast Fourier transform-nonlinear least squares (FFT-NLLS; Plautz et al., 1997) with a time window of t = 5 to 80 h, where t = 0 was the start of data collection. Statistical analysis was performed using Graphpad Prism. Damping was calculated as 100 * (1 -(3rd cycle amplitude/1st cycle amplitude)).
RESULTS

Mature NIH 3T3 Cultures Display Increased Coherence of Circadian Rhythms
Although nascently transfected cells were apparently confluent (~1 × 10 6 cells per dish), cells in mature cultures were of higher density increasing tõ 4 × 10 6 cells per dish (Fig. 1a ). In those cultures where reporter activity was immediately recorded, baseline subtraction was necessary to be able to observe overt circadian rhythms, as oscillations in the raw data damped rapidly and were subject to a changing baseline (Fig. 1b, c) . Over time, however, the rhythms recorded from cultures that had been allowed to age for several weeks stabilized to the point that the oscillation was evident without such manipulation (Fig. 1b ). After 6 weeks, culture profiles were comparable with SCN explants (Fig. 1d, e ), and this effect could be demonstrated formally through FFT-NLLS analysis using RAE as a reliable index of rhythmic coherence. RAE of nascently transfected cultures was high (>0.05) for the 1st week and declined significantly over time, as the cultures were allowed to mature, prior to recording (RAE, 1-way ANOVA, p = 0.002, n = 5). Moreover, RAE of 6-weekold cultures and per1::luc SCN explants were not significantly different (t test for RAE, p = 0.725, n = 5 for both). Similar data were obtained using PER2::LUCIFERASE embryonic fibroblasts after either 1 day or 2 weeks in culture ( Fig. 2; t test for RAE, p = 0.0001, n = 6 for both). Maturation also affected other circadian properties of the fibroblast cultures, insofar as older cultures displayed reduced damping (Fig. 1f,  Fig. 2c ; 3T3, 1-way ANOVA for damping and posttest for linear trend, p < 0.0001, n = 5), while the period of 3T3 cultures significantly lengthened with time from a mean of 22.59 ± 0.43 h to 23.87 ± 0.23 h (period, 1-way ANOVA, p = 0.0002). Hence, there was a strong negative correlation between RAE and period (Pearson, r = -0.497, p = 0.012). Several dynamic features of cellular timekeeping therefore appeared subject to regulation by the length of time in culture conditions, that is, the maturity of the culture.
Inhibition of DNA Polymerase Increases Coherence in Immature Cultures
It has previously been reported that although dividing cells conserve circadian phase, the phase of daughter cells is perturbed relative to that observed before mitosis (Nagoshi et al., 2004) . Because mature cultures were observed to have higher cell density than those nascently transfected but nevertheless 100% confluent, it is plausible that continued cell division in the latter perturbs the phase of dividing cells leading to an increased rate of desynchronization, and thus damping, compared with cultures where the cell cycle is terminally arrested. To test this hypothesis, we applied an inhibitor of DNA polymerase, aphidicolin, throughout the recording, to nascently transfected fibroblast cultures. Aphidicolin is reported to arrest fibroblasts in G 1 , at the concentration used, as they cannot progress through S-phase (David-Pfeuty et al., 1997; Nuckolls et al., 1998) , and based on this prior work we assumed the drug remained active throughout treatment. From the raw data and detrended data (Fig. 3a) it is clear that drug-treated cultures sustained rhythmicity better than those treated with vehicle. Moreover, a significant decrease in RAE was observed in drug-treated cultures compared with vehicle ( Fig.  3b ; t test, p < 0.001, n = 5); vehicle mean RAE = 0.166 ± 0.010, aphidicolin mean RAE = 0.080 ± 0.010. This suggests that circadian rhythmic coherence is sensitive to rates of cell division and implies that cell division may contribute to the damping observed in immature cultures, while quiescence contributes to the greater coherence of mature cultures. Importantly, circadian period, which lengthens with maturation ( Fig. 1d) , was not affected by this treatment (p = 0.34); vehicle mean = 22.4 ± 0.37 h, aphidicolin mean = 21.89 ± 0.34 h.
DISCUSSION
We have shown that circadian transcriptional rhythms in fibroblast cultures become more coherent as they mature. This finding is likely to be helpful for 486 JOURNAL OF BIOLOGICAL RHYTHMS / December 2008 any investigation using cell lines as a platform for assaying cellular rhythms, as data from mature cultures are evident over longer time courses and are of sufficient quality as to obviate the need for post hoc data processing prior to analysis and publication. These findings will be of particular relevance for high-throughput chemical genetics and other screening technologies for identifying novel circadian-relevant targets and testing system dynamics.
For analysis of raw data we employed FFT-NLLS, a tool that has been widely used to compare oscillatory properties by the plant circadian community; we find it is also of great utility for describing, quickly and objectively, the rhythmic properties of fibroblast cultures. The rapid loss of amplitude in nascently plated or transfected cultures has been reported previously (Nagoshi et al., 2004) . In this earlier work, cells in less than confluent cultures continued to divide with circadian phase maintained yet perturbed such that the length of the following cycle was influenced by the circadian phase at which mitosis occurred. This resulted in apparent phase shifts. It has further been shown that oscillations in single fibroblasts are robust, independent, and undamped but with variable cycle-to-cycle period (Welsh et al., 2004) leading to the previous conclusion that overall damping results from intercellular desynchronization (Rougemont and Naef, 2007) with weak or no coupling between cells (in contrast to the SCN). On this basis, we assumed that reduced damping/ increased coherence reflects reduced desynchronization. We observed that, over time in culture, confluent monolayers increased in density. Based on prior work (Holley and Kiernan, 1968) , it seemed plausible that the twice weekly refreshing of media might lead to a higher threshold for contact inhibition, allowing the greater cell densities we observed in mature cultures, before quiescence. This assumption would be strengthened by experimental evidence, using morphological and/or metabolic markers, to show that the number of mitotic cells in mature cultures declined over time in culture. Because confluence did not mean all cell division had ceased, however, once a continuous monolayer had been established, age in culture appeared to be the most relevant, and immediate, correlatable factor.
The observation that rhythmic activity, in these more dense, mature confluent cultures, becomes significantly more coherent suggested the possibility that as mature cultures become quiescent the phase perturbation introduced by cell division is diminished, thereby attenuating cellular desynchronization. We tested this hypothesis through inhibition of the cell cycle with aphidicolin. This treatment significantly decreased the RAE of nascently transfected cultures, that is, led to greater coherence, and we find the data suggestive of mature cultures being able to maintain coherence better, in part, because they are a more homogeneous population, without the noise introduced to the circadian oscillator by cell division. An alternative possibility was that older cultures might exhibit some degree of cellular coupling that O'Neill, Hastings / CIRCADIAN CELL CULTURE-OLD TIMERS TICK BETTER 487 facilitates greater synchrony, similar to that within the SCN, but preliminary trials with presumably adequate concentrations of halothane, 18α/β-glycyrrhetinic, and carboxy-PTIO failed to suggest a role for gap junction or nitric oxide-mediated signaling, respectively. Involvement of other signaling pathways, however, cannot be discounted.
We were also interested to observe a negative correlation between period and RAE as the cultures matured. Period did not significantly change, however, in nascently transfected cultures treated with aphidicolin, and so we tentatively suggest that the increased period in mature cultures might reflect a maturational process unrelated to cell division.
In conclusion, we suggest that mature fibroblast cultures will be of great utility for high-throughput pharmacological and mutational circadian screening due to their reproducibility and because they allow longer recordings to be made, without significant loss of amplitude.
